5 * S Supporting Information 6 O xide-ion conductors are an exciting class of materials. 1 7
Despite their attractive levels of oxide-ion conductivity at 20 intermediate temperatures, i.e., 400−600°C, it is challenging to 21 implement stabilized δ-Bi 2 O 3 materials as an electrolyte for 22 intermediate temperature solid oxide fuel cells (ITSOFCs) for 23 two reasons. First, they are prone to chemical reduction/ 24 decomposition under the required operating conditions (partial 25 oxygen pressure−temperature, pO 2 −T) at the fuel electrode. 22 26 Second, many stabilized δ-Bi 2 O 3 materials are known to suffer 27 from degradation (or aging) of the oxide-ion conductivity in 28 this temperature range due to a combination of phase 29 transformations and anion ordering. The former generally 30 occur at >600°C, whereas the latter is often dominant at ∼500 31°C but becomes less pronounced at lower temperatures due to 32 the slower kinetics associated with anion ordering. 18−23 33 Wachsman and co-workers have demonstrated the first obstacle 34 can be overcome by the creation of bilayer electrolytes, based 35 on Gd-stabilized CeO 2 (GDC) and stabilized δ-Bi 2 O 3 . 24, 25 In 36 this arrangement, the highly conducting δ-Bi 2 O 3 layer is 37 protected from the low pO 2 at the fuel electrode by the 38 more robust GDC (also an oxide ion conductor) thus raising 39 the pO 2 experienced by the δ-Bi 2 O 3 sufficiently to avoid 40 chemical reduction/decomposition and therefore taking 41 advantage of its higher oxide-ion conductivity. The same 42 group has studied degradation effects in δ-Bi 2 O 3 over many 43 years and has shown that appropriately sized rare earth dopants 44 and codoping with other elements, e.g., Dy and W at various 45 levels can be effective in suppressing the degradation of ionic 46 conductivity at ∼500°C. 18,23,26−28 47 In 2014, we reported a new family of oxide-ion conductors 48 based on the ferroelectric perovskite sodium bismuth titanate 49 (Na 0.5 Bi 0.5 TiO 3 , NBT). 29, 30 In particular, high levels of oxide-50 ion conduction were found in bismuth-deficient NBT, i.e., 51 of Sr-doped NB 0.49 T showed three arcs, from high to low 96 frequency representing the response from the grains (bulk), 97 grain boundaries and electrode effects, respectively. An 98 equivalent circuit of three resistor-constant phase elements (R-99 CPE) connected in series was used to fit the data. Impedance 100 measurements carried out in N 2 , air, and O 2 showed σ b to be 101 independent of oxygen partial pressure (pO 2 ), indicating the 102 conduction is predominately ionic in the temperature and pO 2 103 range studied here. Electromotive force measurement using 104 N 2 /air shows an ionic transport number ∼0.95 at 600−700°C, 105 confirming the oxide-ion conduction mechanism in Sr-doped 106 NB 0.49 T. The experimental details and characterization via 107 XRD, SEM, EDX, impedance spectroscopy and equivalent 108 circuit fitting, atmosphere test results and ionic transport 109 numbers are given as Figures S1−S4 and Tables S1 and S2. 110 Comparison of σ b for Sr-doped NB 0.49 T with some of the f1 111 best known oxide-ion conductors is shown in Figure 1 . Similar 112 to B-site Mg-doping, A-site Sr-doping enhances σ b by more 113 than half an order of magnitude compared to undoped NB 0.49 T. 114 The enhancement of σ b originates from oxygen vacancies 115 generated according to the following Kroger−Vink equation
(1) 117 The log 10 σ b − 1/T relationship of Sr-doped NB 0.49 T shows a 118 change in activation energy at ∼300°C, which is also observed 119 in undoped and Mg-doped NB 0.49 T. This temperature is 120 associated with a maximum in permittivity as observed from 121 dielectric spectroscopy measurements; 29 however, the rea-122 son(s) for a change of activation energy around this 123 temperature and the maximum in permittivity remain(s) 124 unclear. 125 The crystallography, polymorphism, and polymorphic phase 126 transition temperatures of NBT remain challenging topics. It is 127 generally accepted that NBT undergoes a rhombohedral to 128 tetragonal phase transformation at ∼250°C; however, there is 129 coexistence of the rhombohedral (R) and tetragonal (T) phases 130 before it fully transforms into a single tetragonal phase at ∼400 In conclusion, we report a Sr-doped NB 0.49 T perovskite 216 material that shows excellent ionic conductivity with extremely 217 low levels of degradation and reasonable stability in a 5%H2 218 reducing atmosphere at ≤550°C. This demonstrates A-site 219 acceptor doping to be as effective as B-site acceptor doping in 220 enhancing the ionic conductivity of NB 0.49 T. Although first-221 principles calculations predict A-site acceptor doping to be 222 superior to B-site acceptor doping, results from this work do 223 not support significant superiority of bulk conductivity by A-site 224 acceptor doping. This might be due to the lower polarizability 225 of Sr 2+ (4.24 Å 3 ) 37 and higher Sr−O bond strength (454 kJ/ 226 mol) 38 compared with that of Bi 3+ (6.12 Å 3 ) 37 and Bi−O (343 227 kJ/mol), 38 which will also influence the mobility of the oxygen 228 ions. 229 Compared with the two best known δ-Bi 2 O 3 oxide-ion 230 conductors, 8D4WSB and 20ESB, Sr-doped NB 0.49 T perovskite 231 shows competitive levels of oxide-ion conductivity at 500°C 232 with the advantage of insignificant degradation of the bulk 233 conductivity at this temperature and it exhibits much higher 234 bulk conductivity below 300°C. Sr-doped NB 0.49 T also has an 235 advantage over these δ-Bi 2 O 3 phases as a more sustainable (RE-236 free) material. Similar behavior is also observed for Ca and Ba-237 doped NB 0.49 T. Further work is in progress to understand the 238 relationship between phase-coexistence and conductivity 239 between ∼250 and 400°C, as well as to further enhance the 240 conductivity of NB 0.49 T via appropriate chemical doping. 
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